Introduction
Multiple lines of study suggest a variety of aberrations in cellular metabolism in bipolar disorder [1] [2] [3] . Altered cerebral metabolism has been reported in bipolar disorder patients, including in medication-naïve patients, using many different techniques [4, 5] . Positron emission tomography studies show resting prefrontal hypometab-olism and simultaneous resting limbic/paralimbic hypermetabolism in patients with bipolar disorder [6, 7] . Nuclear magnetic resonance studies have revealed significantly elevated concentrations of sorbitol and fructose in the cerebrospinal fluid [8] and lower levels of N-acetylaspartate in frontal lobe structures and hippocampi [9, 10] . Moreover, treatment with lithium increased levels of Nacetylaspartate in patients with bipolar disorder [11, 12] . Gene expression studies in postmortem brains of patients with bipolar disorder showed significant decreases in the expression of genes involved in mitochondrial oxidative phosphorylation and ATP-dependent proteasome degradation [13] .
There is evidence for the presence of metabolic dysregulation and gene expression differences not only between bipolar disorder patients and healthy controls but also between different mood states in bipolar disorder patients [14] . Bipolar subjects in a manic state had lactate levels similar to controls in longitudinal magnetic resonance spectroscopy studies, but these lactate levels were lower compared to controls during euthymic phases [15] . Untreated bipolar disorder subjects during depressive episodes had an increased ratio of phosphocreatine/inorganic phosphate in the frontal lobe in a phosphoros-31 magnetic resonance spectroscopy study in comparison to controls as well as to subjects treated with medications [16] .
One difficulty in studying the biology of psychiatric illnesses is our inability to directly study live neuronal tissue from patients -brain biopsies of live tissue for research purposes are not feasible for technical and ethical reasons. Given the strong genetic determination of risk, cellular abnormalities that reflect disease biology may also be reflected in peripheral tissue, as noted above, and researchers have often studied cellular abnormalities in accessible surrogate tissue [17] [18] [19] . Studies in fibroblasts and lymphocytes suggest that there may indeed be disease-related cellular phenotypes that can be observed in peripheral cells. Examination of mitochondrial structure in bipolar disorder showed that patients had distinct differences in mitochondrial size and distribution not only in postmortem brains but also in fibroblasts and lymphocytes [20] . Similarly, gene expression studies in lymphocytes from patients with bipolar disorder and normal controls showed marked differences in the expression patterns of genes coding for mitochondrial electron transfer chain proteins in response to low-glucose conditions [21] . Patients with bipolar disorder, including medication-naïve patients, have an increased risk for insulin resistance, impaired glucose tolerance and diabetes [22] [23] [24] [25] [26] . Taken together, these studies indicate that cellular metabolic dysregulation may be an innate and crucial feature of bipolar disorder. Crucially, the presence of similar abnormalities of metabolism in peripheral cells, in vivo brain studies and in postmortem brains suggests that the peripheral abnormalities are specific to the disease biology.
Given the evidence for metabolic dysregulation in bipolar disorder and studies showing that some disease-related cellular features can be observed in fibroblasts, we undertook a study to profile the metabolome of fibroblasts from subjects with bipolar I disorder and age-and sex-matched healthy controls. We measured metabolites under normal growth conditions and under two stressful perturbations -growth in low-glucose media and exposure to dexamethasone. We identified metabolites that were differentially regulated in the bipolar disorder and healthy control groups under these three different conditions. We report an especially intriguing finding of lower levels of α-aminoadipate in fibroblasts from bipolar disorder subjects when they are 'perturbed' with cellular stress, which is consistent with a proposed role for the kynurenic acid pathway in the biology of bipolar disorder [27] [28] [29] [30] [31] .
Methods

Subjects
Subjects with bipolar I disorder with psychotic features were recruited from the Schizophrenia and Bipolar Disorder Program at the McLean Hospital with Institutional Review Board (IRB) approval. The initial subject recruitment referrals were based on diagnoses by treating psychiatrists. The subject enrollment process included a semi-structured interview using the Structured Clinical Interview for DSM Disorders to ascertain the diagnoses. For healthy controls, subjects were chosen who had no previous psychiatric diagnoses, treatments or first-degree relatives with a major psychotic or affective disorder. Exclusion criteria included subjects who had any comorbid neurological disorder.
Isolation of Fibroblasts
Fibroblasts were obtained by informed consent through punch biopsies performed by a physician, under a protocol approved by the IRB. The biopsy specimen was minced into 0.5-mm pieces and placed in the center of a 6-well plate with 3 ml of fibroblast media (DMEM Gibco 11995-065 containing 25 m M glucose, 10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin). After a week of incubation in 37 ° C and 5% CO 2 , dense fibroblast outgrowths were treated with 0.05% trypsin and passed through a 70-mm strainer after addition of media to remove large pieces of tissue. Cells were passaged at 1: 3 ratios every 5-7 days until the cells reached 80% confluency and then were frozen and stored in liquid nitrogen until ready for use.
Sample Preparation for Polar Metabolites
Fibroblasts were controlled for passage number between the different lines to ensure that variations observed are not due to the differences in passage number seen in cellular senescence. Fibroblasts were thawed and grown in 6-well cell culture plates (Corning, CLS3506) to 80% confluency. Cells were then incubated for 6 h in fresh high-glucose-, low-glucose-, or dexamethasone-containing media. For the low-glucose condition experiments, cells were grown in media containing only 1 m M glucose for 6 h, compared to 25 m M under normal growth conditions. For the dexamethasone experiments, cells were cultured in the presence of 1 μ M dexamethasone for 6 h in normal fibroblast media. At the end of the 6-hour incubation with normal media, low-glucose media, or media with dexamethasone, cells were washed with cold PBS (Mg 2+ -/Ca 2+ -) to initiate metabolite extraction. After aspirating the PBS, 800 μl of cold 80% methanol (-80 ° C) was immediately added to the plates and incubated at -80 ° C for 15 min. Cells were then lifted with cell scrapers and the cell lysate/methanol mixture was transferred to 1.5-ml centrifuge tubes on dry ice. Tubes containing the lysate/methanol mixture were centrifuged (9,000 g , 4 ° C, 10 min) to pellet cell debris and proteins. The supernatants were transferred to new 1.5-ml centrifuge tubes on dry ice, while keeping the old 1.5-ml tubes containing pellets for further extraction. Pellets were resuspended in 100 μl 80% methanol (-80 ° C) and centrifuged (9,000 g , 4 ° C, 5 min), and the supernatants were pooled in tubes containing the earlier supernatants. The collected supernatants were stored at -80 ° C.
Sample Preparation for Lipids
At the end of the 6-hour incubation with normal media, lowglucose media, or media with dexamethasone, cells were washed once with cold PBS (Mg 2+ -/Ca 2+ -) to initiate metabolite extraction. 800 μl of cold isopropranol (4 ° C) was added to the plate and cells were immediately lifted with cell scrapers. The cell lysate/isopropranol mixtures were transferred to 1.5-ml centrifuge tubes on ice, and incubated at 4 ° C for 1 h, while covered with aluminum foil to avoid exposure to light. Tubes containing the lysate mixtures were then vortexed and centrifuged to remove cell debris and proteins (9,000 g , 4 ° C, 10 min). Supernatants were collected and stored at -80 ° C.
Quantitation of Metabolites
The endogenous metabolites in the fibroblasts were identified and quantified using liquid chromatography-tandem mass spectrometry (LC-MS/MS) [32] . Liquid chromatography, through the application of a number of distinct stationary phase chemistries, affords reproducible separation of metabolites in complex mixtures on the basis of their physical properties [33] . Mass spectrometry enables further resolution of metabolites on the basis of massto-charge ratio and quantitation over a wide linear dynamic range [33] . This LC-MS/MS methodology uses three chromatographic stationary phases and analyzed sugars, sugar phosphates, nucleotides, amino acids, biogenic amines, organic acids, bile acids, and lipids in a targeted manner. Metabolites were identified by the parent ion mass (MS) and dominant product ion mass (MS/MS) on a sensitive mass spectrometer in combination with the retention time on an appropriate chromatography column. While none of these three parameters is individually sufficient to uniquely identify a metabolite in a biological sample, the three in combination provide a 'tag' that marks the metabolite to permit identification and quantitation. We collected data on 11,993 metabolites, of which 347 were annotated, known metabolites. Differences in individual metabolites, as well as groups of metabolites that are part of definable cellular functions, were identified using the software MultiQuant (v2.1, AB SCIEX) and Progenesis CoMet software (v2.0, Nonlinear Dynamics) [34] . MultiQuant (v 2.1, AB SCIEX) rapidly integrates large numbers of peaks in the samples and visualizes the results for inspection of quality [34] . Targeted data were processed using MultiQuant software, and compound identities were confirmed using reference standards and reference samples. Nontargeted data were processed using Progenesis CoMet software (v2.0, Nonlinear Dynamics) to detect peaks, perform chromatographic retention time alignment, and integrate peak areas [35] . Nontargeted metabolite LC-MS peaks were initially identified by matching measured retention times and masses to a database of >500 characterized compounds, and secondarily by matching exact masses only to a database of >40,000 metabolites (Human Metabolome Database v3) [36] . Bioinformatics analyses were conducted using MetaboAnalyst 3.0 [37] . Univariate and multivariate analyses were undertaken to identify group differences among annotated metabolites between the two groups that each contained 9 biological replicates.
Results
Fibroblasts were cultured from 9 subjects who met criteria for the DSM-IV-TR bipolar I disorder as well as 9 healthy controls matched for sex and age. The average age at the time of sample collection was 35.8 years for the bipolar disorder subjects and 37 years for healthy controls. All the bipolar subjects were in treatment -2 subjects were treated with lithium, 7 with antipsychotic medications, 5 with benzodiazepines and 2 with antidepressants. The two groups consisted of 6 pairs of male subjects and 3 pairs of female subjects that were matched for age. None of the subjects had any diagnoses of diabetes or any cardiovascular disease.
Measurement values for 11,993 total metabolites, including 347 annotated metabolites, were obtained as described above. Raw data for each metabolite were normalized to the total metabolites for that particular experimental well before analysis. In analyzing the metabolite data collected under normal growth conditions, we carried out univariate analyses to identify group differences among the metabolites between bipolar disorder cells and healthy control cells. We used these data to generate a metabolite signature and employed a multivariate method with a partial least squares discriminant analysis (PLS-DA) approach to model the separation of the two groups. We used metabolite profiles obtained with different VIP thresholds and found that the profiles with higher VIP thresholds were in much better separation of the two Distribution of normalized metabolite levels in bipolar disorder patients (BDP) and control subjects for the metabolites that were significantly different between the two groups when grown under normal conditions. * Denotes significance at p < 0.05 (unpaired t test). groups ( fig. 1 ). Under normal growth conditions, the analysis revealed two annotated metabolites that were different at statistically significantly different levels between the two groups, at a significance threshold of p < 0.05 by univariate analysis ( table 1 ). The range of values for the metabolites that were statistically significantly different between the two groups are shown in figure 2 .
Peturbational Profiling
We analyzed the data similarly for metabolites collected for the experiments where fibroblasts were exposed to two different stress-inducing perturbations for 6 hgrowth under low-glucose conditions and exposure to 1 μ M dexamethasone. PLS-DA models generated with these metabolite signatures again showed a clear separation of the bipolar disorder samples from healthy controls under both perturbation conditions, with clearer separation between the groups at higher VIP thresholds ( fig. 3 ) . The list of annotated metabolites was different than the ones under normal growth conditions and the highestranked metabolites had smaller p values in the perturbation experiments. We identified five metabolites that were statistically significantly different between the two groups (p < 0.05) under low-glucose conditions, while there were two metabolites that were significantly different between the two groups (p < 0.05) in the dexamethasone experiment ( table 2 ) . We compared the levels of these individual metabolite hits between bipolar disorder and healthy controls. We found that the range of values of these metabolites in the bipolar disorder group was generally tighter than in the healthy control group under the perturbed conditions ( fig. 4 , 5 ).
There were two metabolites that were shared in the lists of significantly different metabolites under both perturbation conditions. Interestingly, the top-ranked metabolite with the lowest p value was the same in both perturbation experiments -α-aminoadipate ( table 2 ) . Under both conditions, α-aminoadipate was significantly less abundant in bipolar disorder compared to the healthy control group ( fig. 4 , 5 ) . The other metabolite that was Metabolite patterns under low-glucose conditions. Differences in metabolite levels between bipolar disorder patients (BPD) and healthy controls subjects for metabolites significantly different between the two groups. * Denotes significance at p < 0.05 (unpaired t test). present at significantly different levels in the bipolar disorder and healthy control group in both perturbation experiments was phosphocreatine. In addition, levels of C4 carnitine, 2-phosphoglycerate and C46: 1 TAG were significantly different between the two groups under lowglucose conditions, but not under high-glucose or dexamethasone conditions.
Discussion
Metabolic profiling of patient tissue has been used successfully to investigate the pathophysiology of various human diseases [38] [39] [40] . Studies applying metabolomic profiling of patient serum are also starting to be used to explore the biology of psychiatric disorders [41] [42] [43] [44] [45] [46] . Such studies have suggested the possibility of identifying biomarkers for schizophrenia [47] [48] [49] [50] [51] [52] , major depressive disorder [53, 54] and posttraumatic stress disorder [55] , and have also been used to study medication-induced metabolic changes [56, 57] . In bipolar disorder, metabolomic studies have been undertaken in urine samples to identify potential biomarkers [58] [59] [60] [61] . We report our findings from unbiased metabolic profiling of fibroblasts from patients with bipolar disorder and healthy controls, under normal growth conditions as well as under physiologic perturbations. We report on a number of metabolites that were present at significantly different levels between bipolar disorder patients and healthy control subjects under normal conditions as well as metabolites that were significantly different between the two groups under perturbation. We found that these metabolite profiles led to a clear separation of bipolar subjects from control subjects ( fig. 1 , 3 ) .
One metabolite stood out as the most significant separator under both perturbation conditions, with p values that were much smaller than other metabolites in the three lists. α-Aminoadipate was significantly less abundant in the cells from bipolar disorder subjects compared to the healthy control subjects in the presence of stressful perturbations but not under normal growth conditions. α-Aminoadipate is a component of the lysine metabolism pathway and a marker of oxidative stress [62, 63] . A recent metabolomic study of diabetes in human plasma samples suggested that α-aminoadipate may be a modulator of glucose homeostasis and diabetes risk [64] . While little is known about its biology in the human brain, α-aminoadipate has been reported to induce neurogenesis in the visual system in adult mice [65] . Studies in rodents have also shown that α-aminoadipate modulates kynurenic acid levels in the brain. In experiments with rat brain tissue slices, α-aminoadipate exposure resulted in a substantial decrease in levels of kynurenic acid [66] . Similarly, in vivo studies in free-moving rats exposed to α-aminoadipate through microdialysis in the hippocampus resulted in a robust decrease in kynurenic acid levels [67] . Another study has shown that α-aminoadipate inhibited the synthesis of kynurenic acid in tissue culture as well as in the rat hippocampus [68] .
There is consistent evidence that kynurenic acid plays a role in the disease biology of bipolar disorder. Elevated levels of kynurenic acid have been reported in patients with bipolar disorder [28, 29] . Moreover, it was shown that the cerebrospinal fluid levels of kynurenic acid were positively correlated with lifetime history of mania and psychosis in bipolar disorder patients [28] . A recent study examining the kynurenine 3-monoxygenase (KMO) found that bipolar disorder patients with psychotic features had decreased expression of KMO mRNA in the prefrontal cortex [27] . The same study also reported an association between the KMO Arg 452 allele and the presence of psychosis during manic episodes [27] . A recent genome-wide association study linked abnormal metabolism of kynurenic acid to a specific gene associated with bipolar disorder [69] . We are intrigued by the identification of α-aminoadipate, a key regulator of kynurenic acid in the brain, as the highest-ranked metabolite in an unbiased profiling of bipolar disorder and control subjects.
The interplay of α-aminoadipate and kynurenic acid reflects interesting biology. α-Aminoadipate is a substrate of the enzyme α-aminoadipate aminotransferase II, which has been shown to be the same enzyme as kynurenine aminotransferase II, and is responsible for the transamination of L -kynurenine to kynurenic acid [70, 71] . α-Aminoadipate levels dictate the availability of kynurenine aminotransferase II for the transamination of L -kynurenine to kynurenic acid [72] . Hence, high levels of α-aminoadipate result in decreased kynurenic acid while low levels of α-aminoadipate lead to increased kynurenic acid [67, 68, 72] . We hypothesize that the genetic background that lends itself to lower levels of α-aminoadipate in fibroblasts may also give rise to similar biology in the central nervous system, where kynurenic acid plays a major role [30] . As observed in fibroblasts, there may be lower levels of α-aminoadipate in the brain in bipolar disorder, which would result in increased levels of kynurenic acid, as has been reported in the cerebrospinal fluid of patients with bipolar disorder [27] [28] [29] .
The metabolite with the second lowest p value after α-aminoadipate was C4 carnitine, the levels of which were lower in fibroblasts from bipolar disorder patients when they were grown under low-glucose conditions. Carnitine is necessary for the transport of long-chain fatty acids into the mitochondrial matrix for generating metabolic energy from lipid breakdown [73] . While there are no studies specifically looking at C4 carnitine in bipolar disorder, carnitine biology in general has been studied in the context of new treatment approaches for bipolar disorder [74, 75] . Polymorphisms in a carnitine transporter SLC22A16 are strongly associated with bipolar I disorder [76] . C30: 1 PC, a lecithin, was also lower both under normal conditions and in the presence of dexamethasone. This is of some interest since lecithins have also been explored as putative treatment agents in bipolar disorder [77, 78] .
In our study, we undertook perturbational studies to explore whether stressful conditions may expose diseaserelated vulnerabilities in patient cells. This approach attempts to recreate a gene-environment interaction in vitro. Our model was guided by previous studies comparing mitochondrial gene expression in bipolar disorder which had shown that mitochondrial gene expression patterns were abnormal in bipolar disorder cells only when grown under stressful low-glucose conditions [21] . In our study, we found that metabolites that were significantly different between the two groups in the perturbation experiments had lower, more statistically significant p values than metabolites that were different under normal growth conditions ( tables 1 , 2 ). Interestingly, α-aminoadipate was the most significantly different metabolite under both perturbation (stress) conditions. While these findings are intriguing, they are preliminary. There are caveats and limitations to our study. One limitation is the sample size, a consequence of the cost of the metabolic profiling experiments. We identified a number of metabolites that were different between the groups at a significance threshold of p < 0.05 but these were not significant after adjusting for multiple testing. Our results should be followed by a targeted study to validate the top metabolites identified in these profiling experiments. Another caveat relates to the patient population studied. Our subjects had bipolar disorder with psychotic features and it will need to be seen if these results are specific for subjects with bipolar disorder with psychotic features or whether they are applicable to all subjects with bipolar disorder. Since the bipolar subjects were not medication-naïve, it is possible that the results could have been confounded by the medications that the patients were taking. Such a scenario is not very likely since the fibroblasts had been grown and passaged in fresh media for multiple passages before the metabolic profiling experiments. Another possible limitation is that we used peripheral cells in a profiling study of a brain disorder [79] . As one of our goals is to find reliable biomarkers, we chose to work with tissue that was easily accessible. In addition, given the strong genetic determination of risk for bipolar disorder, we hypothesized that dysregulation in metabolic pathways associated with disease in the central nervous system may also be discoverable in peripheral tissues such as fibroblasts [18] . Analysis of whole-genome biomarker expression in blood and brain samples shows that about 22% of total transcriptome in postmortem brain is expressed at a similar level and pattern in blood elements [80] . Studies comparing gene-expression patterns, epigenetic differences and subcellular organelles in bipolar disorder and schizophrenia have found diseaserelated changes that are present in both the brain and in peripheral cells [13, 20, 21, [81] [82] [83] [84] . Nonetheless, it is important to follow up these results in human neuronal cells, derived from patient-induced pluripotent stem cells to see which group-related metabolite differences observed in the fibroblasts are present in neuronal cells as well.
